I n some ways, sustainable engineering may be thought of as the operational arm of industrial ecology: first use the methodologies of industrial ecology, such as life-cycle assessment, materials flow accounting, or product and process matrix analysis, to determine relevant social and environmental considerations; then use sustainable engineering methods to integrate that knowledge into process, product, and infrastructure design Sustainable engineering can benefit from . . . expertise within industrial ecology, which provides at least some of the data and conceptual guidance in a quantitative form that not only can be integrated into specific engineering tasks, but also is more culturally acceptable to engineers. and life-cycle management. But this deceptively simple formula, although it adequately describes a working conceptual relationship, oversimplifies the challenge to both industrial ecology and sustainable engineering.
It is instructive to ask a class of undergraduate engineering students what "sustainable engineering" means to them. The answers, not surprisingly, range over a broad area, but fall into two main categories: heuristics and vague statements of principle. The first set includes suggestions such as extending the life of products as long as possible and using as little energy or materials as possible; the second assert that engineers must contribute to a sustainable world. A closer consideration of the engineering process, however, shows that these approaches confuse as much as they enlighten.
Begin with a few simple observations. Engineers may have broad interests, but they are basically problem solvers; given a situation or a c 2007 by the Massachusetts Institute of Technology and Yale University Volume 11, Number 1 task, their responsibility is to try to produce a solution that works in the real world, with all the constraints that task entails. Such constraints may be competitive, ergonomic, regulatory, economic, and temporal (such as time to market), and in many cases are complicated by implicit and explicit customer preferences. To make possible solutions in such complicated circumstances, engineers are highly quantitative: design solutions arise out of algorithmic treatment of design objectives and constraints. And at the end of the day, the product, be it bridge or toaster or chemical production facility, must exist physically, it must work, and it must meet the strictures of society. These two fundamental characteristics of engineering, producing quantitative, physically feasible solutions, create obvious tensions when a qualitative value such as sustainability is initially added into the engineering process. One obvious question in the context of any engineered systems is what exactly it is that one is trying to sustain; answers in the literature range from "the planet" to "biodiversity" to "human life" to "the privileged status of current elites." This highlights perhaps the most significant gap between aspiration and practice: reducing vague, even conflicting, sustainability concepts to design objectives and constraints. Moreover, much engineering occurs within a very restricted option space, and the intersection of the degrees of freedom of a design team and global planetary sustainability may well be the null set. But this is one area where sustainable engineering can benefit from other areas of expertise within industrial ecology, which provides at least some of the data and conceptual guidance in a quantitative form that not only can be integrated into specific engineering tasks, but also is more culturally acceptable to engineers.
This raises another important point: the cultural and institutional challenges of moving towards more sustainable engineering cannot be trivialized. One barrier, quite simply, is the sheer size of the engineering education system and its inherent inertia and resistance to change: reaching the thousands of educators and roughly 70,000 engineering graduates a year in the United States alone is a significant task. If one considers India, with some 350,000 graduates a year, or China, at 600,000, the size of the task is apparent. Gaining acceptance for sustainable engineering programs is also complicated by the fact that at least some of those involved are skeptical of sustainability, regarding it as at best a poorly defined goal and at worst an irrelevant and ideological diatribe. Worse yet, engineering as a profession has been struggling for some time with the problem of an absolutely packed undergraduate curriculum, constrained by accreditation requirements, with virtually no room for additional material; no other professional education of comparable complexity pretends to be graduating competent professionals from undergraduate programs. It is undoubtedly true that some progress can be made by inserting appropriate educational modules into existing classes-creating sustainability case studies for capstone practice courses, for example-but this is primarily a vehicle for incremental improvements in existing programs. It is inadequate if the goal is to create a different kind of engineer, and particularly if that requires adding social science or environmental content to basic engineering curricula. And where current programs are already jammed full of material required for professional competence under existing standards, any proposal whose success rests on inserting new material can expect substantial, and principled, opposition.
But it is also clearly possible to overstate the challenges and become unnecessarily pessimistic. To begin with, the early history of industrial ecology is essentially a history written in terms of sustainable engineering: the first industrial ecology Ph.D., to our knowledge, dealt with integrating social and environmental considerations into product design (Allenby 1992) . The longest publication record in industrial ecology and sustainable engineering is the Proceedings of the IEEE Annual Symposium on Electronics and the Environment, a symposium that has been held since 1993. Moreover, for all the institutional barriers, it is also the case that technology-intensive firms, especially AT&T and its Bell Laboratories, were critical early supporters of industrial ecology (Laudise and Taylor-Smith 1998) and that many of the early tools were developed and tested by engineers in such firms. Institutionally, it is also noteworthy that the U. S. National Academy of Engineering not only was an early champion of industrial ecology, but also continues to support initiatives on sustainable engineering to this day (e.g., see <www.nae.edu/nae/engenvcom.nsf>).
But that returns us to the responses of those engineering students. It remains the case today that heuristics, such as energy conservation over the life cycle of a product or minimization of use of toxic materials, are one set of primary vehicles by which sustainable engineering continues to be defined. Given the complexity of the environmental, social, and technological systems with which engineers struggle, treating heuristics as rebuttable presumptions is not an unrealistic path. So, for example, in general extending the use stage of the life cycle of material-intensive products may be a good idea-but it would not have been a good idea in terms of energy efficiency or air quality to extend the life of muscle cars by 20 years. And such heuristics can in many cases be integrated into existing engineering projects because they often align with other engineering values: customers like devices that do not need recharging often; infrastructure that does not have to be constantly replaced; and cars that, all things considered, are fuel-efficient.
Another element that is critical for sustainable engineering, but more difficult to ease into existing curricula, is educating engineers to be aware of the social and environmental context within which their products are used. This is increasingly understood as essential in areas such as civil engineering, where the public has become more active in assessing large projects and environmental assessments are now routine, but in many areas of engineering it is still somewhat of Allenby, Allen, and Davidson, Teaching Sustainable Engineeringa novelty. Additionally, to the extent it requires adding a new dimension to engineering students, it tends to run into the problem of no space in the curriculum.
These kinds of issues are being explored as part of a new Center for Sustainable Engineering, a partnership involving Carnegie Mellon University, Arizona State University, and the University of Texas at Austin, funded by the U.S. National Science Foundation and the U.S. Environmental Protection Agency.
1 The intent is to help educate existing engineering educators, both through a set of workshops and through creation of an on-line site that will contain modules and curricular material that can be used to build courses on sustainable engineering in any specialty area or level of competence. Much of this material builds on work that the industrial ecology community has done and will be doing, illustrating the strong connections between the two and the desirability of continuing and strengthening the role of industrial ecology and its institutions, such as this journal and the International Society for Industrial Ecology, in the sustainable engineering movement.
More broadly, the Center represents part of an on-going effort to reach what many in the sustainable engineering community think are desirable long-term goals. These can be summed up in two principal observations: The first is the need to institutionalize sustainable engineering so that it is understood not as a specialty or fringe notion, but simply as the sine qua non of good engineering. The second is the need to build an engineering education system that produces engineers capable of rational and ethical design and engineering in our increasingly complex world. This includes lifetime learning and skills in understanding and integrating social and environmental considerations into designed systems. These will not be achieved overnight, but even at this preliminary stage it is apparent that, to the extent that sustainable engineering and industrial ecology can continue to draw on each other, both will be strengthened.
Note
1. See www.csengin.org for details on the leadoff workshops in this project, held at Carnegie Mellon University in July 2006, and information on future activities.
